Aims Clinical studies suggest that intake of v-3 polyunsaturated fatty acids (v-3 PUFA) may lower the incidence of heart failure. Dietary supplementation with v-3 PUFA exerts metabolic and antiinflammatory effects that could prevent left ventricle (LV) pathology; however, it is unclear whether these effects occur at clinically relevant doses and whether there are differences between v-3 PUFA from fish [eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)] and vegetable sources [a-linolenic acid (ALA)].
Introduction
Recent epidemiological and animal studies suggest that a high intake of the v-3 polyunsaturated fatty acids (v-3 PUFA) -eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) -from fish oil may prevent the development and progression of heart failure.
1,2 Current dietary guidelines recommend a high intake of EPA and DHA to reduce the risk for coronary heart disease, 3 and pharmacological doses (3.4 g/day) are effective in the treatment of hypertriglyceridaemia and may reduce serious arrhythmias and sudden cardiac death. 4, 5 The recently reported GISSI heart failure trial found that a low dose of EPAþDHA (0.85 g/day) administered to heart failure patients for 3.9 years significantly decreased mortality by 9% when compared with placebo. 6 The effects of commonly used doses of EPAþDHA (.3 g/day) on cardiac function or mortality in heart failure patients have not been reported. Compared with fish oil, little is known about the effects of a-linolenic acid (ALA), a v-3 PUFA from vegetable sources such as flaxseed. ALA intake is associated with a reduction in coronary artery disease, 7 although the evidence is considerably less compelling than for EPAþDHA. 3 At present, the ability of EPAþDHA or ALA supplementation to prevent the development of heart failure has not been assessed in prospective clinical or animal studies.
The mechanisms by which v-3 PUFA could prevent the development and progression of heart failure are unclear, 1, 8 but could be linked to their anti-inflammatory effects. v-3 PUFAs from fish oil activate peroxisome proliferator-activated receptor (PPAR)-g in adipose tissue and increase expression, secretion, and plasma levels of the anti-inflammatory hormone adiponectin. 1, 9, 10 Recent studies show that adiponectin limits left ventricular (LV) hypertrophy, remodelling, and contractile dysfunction in response to pressure overload 11 and exerts antiinflammatory effects, suggesting that high intake of v-3 PUFA could prevent LV pathology through triggering an increase in adiponectin. At present, it is not known whether ALA also increases adiponectin or whether there is a dose-response relationship between the intake of EPAþDHA or ALA and adiponectin secretion. In addition, fish oil supplementation may decrease the production of the inflammatory mediator tumour necrosis factor (TNF) a, 12 which is increased in heart failure 13 and is implicated in the development of LV remodelling and contractile dysfunction during pressure overload.
14 Cardiac phospholipid composition is altered with fish oil supplementation, 15 with a decreased arachidonic acid, 16 the precursor of prostacyclin and thromboxane A 2 , which are elevated during heart failure 17 and exert direct effects on the heart.
18
Taken together, dietary supplementation with EPAþDHA or ALA could prevent the development of heart failure in the chronically stressed heart through increased secretion of adiponectin and suppression of inflammation. Evidence to support this concept is currently lacking, particularly at clinically relevant doses (2-4 g/day). 3 The goal of the present study was to assess the ability of dietary supplementation with v-3 PUFA derived from either fish (EPAþDHA) or vegetable sources (ALA) to prevent LV remodelling and pathology in response to pressure overload. We hypothesized that v-3 PUFA would increase plasma adiponectin in a dose-dependent manner, which would correspond to a decrease in inflammation and prevention of LV chamber expansion. Studies were performed in an established rat model of chronic pressure overload induced by abdominal aortic banding (AAB). This model results in LV hypertrophy and the development of heart failure as evidenced by an increase in LV end-diastolic and -systolic volumes, a decrease in the capacity for adenosine triphosphate (ATP) generation, and expression of foetal genes. 1, 19 A wide dose range was used (equivalent to an estimated human dose of 1.6-15 g/day of EPAþDHA or ALA) in order to clearly span human doses. Established molecular markers of heart failure were evaluated, namely, cardiomyocyte apoptosis and the switching in the mRNA expression for myosin heavy chain (MHC) isoforms from MHC-a to MHC-b.
Methods

Experimental design
Measurements were performed with investigators blinded to treatment. The animal protocol was conducted according to the Guideline for the Care and Use of Laboratory Animals (NIH publication No. 85-23) and was approved by the University of Maryland School of Medicine Institutional Animal Care and Use Committee.
Five-week-old male Wistar rats were fed a standard chow or modified standard chows containing v-3 PUFA composed mainly of EPAþDHA or ALA. After 1 week on the assigned diet, rats were randomly assigned to either sham surgery or AAB (n ¼ 9-11/group), and dietary treatment was continued for 12 weeks. Systolic arterial pressure was measured at 5 weeks using the tail cuff method, and echocardiographic assessment of LV function was performed at 11 weeks post-surgery. Twelve weeks after surgery, rats were anaesthetized with isoflurane, blood and urine were drawn, and the heart was harvested for biochemical analysis (see Supplementary material).
Diets
All food was custom-manufactured (Research Diets Inc., New Brunswick, NJ, USA). The standard food was similar to typical commercial rodent food, with 65% of total energy from carbohydrate (75% from cornstarch, 15% maltodextrin, and 10% from sucrose by energy), 15% energy from fat (78% from cocoa butter and 22% soybean oil), and 20% protein (casein supplemented with L-cysteine). The v-3 PUFA diets had identical protein and carbohydrate composition as the standard food and had 15% of the total energy from fat. The EPAþDHA diets derived 2.3% of the total energy from soybean oil and 0.7, 2.3, or 7% of the total energy as EPAþDHA from fish oil (Ocean Nutrition, Dartmouth, Nova Scotia, Canada). Fish oil was 21% EPA and 49% DHA by mass. The ALA diets derived 2.2% of the total energy from soybean oil and 0.7, 2.3, or 6.6% as ALA from flaxseed oil (55% ALA by mass). Both EPAþDHA and ALA diets derived the balance of fat from cocoa butter. These doses correspond to a human intake of approximately 1.6, 5.1, and 15.5 g/day of either EPAþDHA or ALA (calculated assuming an energy intake of 2000 kcal/d), which is in the range of the currently approved dose of EPAþDHA for the treatment of hypertriglyceridaemia (3.6 g/day).
Echocardiography
LV function was evaluated using a Vevo 770 High-Resolution Imaging Systems (Visual Sonics) with a 30 MHz linear array transducer (model 716). Briefly, rats were anaesthetized with 1.5-2.0% isoflurane by mask, the chest was shaved, the animal situated in the supine position on a warming pad, and electrocardiogram limb electrodes were placed. Two-dimensional cine loops and guided M-mode frames were recorded from the parasternal short and long axis. All data were analysed offline at the end of the study with software resident on the ultrasound system.
Metabolic and biochemical variables
Plasma was analysed for free fatty acids, triglycerides, and glucose using enzymatic spectrophotometric methods. TNFa, adiponectin, leptin, and insulin were measured by enzyme-linked immunosorbent assay (ELISA). Urine was analysed for thromboxane B 2 and 6-keto prostaglandin F1a by ELISA. LV tissue was analysed for triglyceride contents using enzymatic spectrophotometric methods and for phospholipid fatty acid composition by gas chromatography, as described previously. 15 mRNA expression for genes encoding atrial natriuretic peptide (ANP), MHC-a and -b, and medium chain acyl-CoA dehydrogenase (MCAD) were measured by real-time reverse transcriptase-polymerase chain reaction, as previously described. 1 Activities of the mitochondrial marker enzymes citrate synthase, MCAD, aconitase, and isocitrate dehydrogenase were measured spectrophotometrically. Western blot analysis was performed for total and phosphorylated Akt and AMP-activated protein kinase (AMPK). Histological analysis was performed for apoptosis, cardiomyocyte cross-sectional area, and capillary density (see Supplementary material).
Statistical analysis
The effects of AAB on cardiac structure and function and biochemical variables with the standard chow diet were examined using an unpaired t-test. The effects of EPAþDHA and ALA supplementation were evaluated separately within the AAB and sham groups using one-way analysis of variance (ANOVA) for normal distribution or M.K. Duda et al.
one-way ANOVA on ranks for non-normal distribution. Post hoc comparisons were made using the Bonferroni t-test for multiple comparisons. Mean values are presented + SEM, and a P , 0.05 level of significance was used.
Results
Left ventricular phospholipid composition
As shown in Figure 1 (Supplementary material, Table S1), AAB had modest but statistically significant effect on cardiac membrane phospholipid composition in rats fed with standard chow, as seen in the increased DHA and DPA (docosapentaenoic acid) n3 and in the decreased oleic, linolenic, and ALA acids contents. Dietary supplementation with both sources of v-3 PUFA caused dramatic changes in phospholipid fatty acid composition in both AAB and sham rats ( Figure 1 ) (Supplementary material, Table S1 ). In the animals fed with EPAþDHA, the content of EPA and DHA increased in a dose-dependent manner, with a larger percentage increase in EPA than DHA ( Figure 1A and B). With ALA supplementation, there was a large increase in the content of ALA and EPA, but only a small increase in DHA at the two lower doses, with no increase at the high dose ( Figure 1A -C). Both EPAþDHA and ALA supplementation reduced the levels of arachidonic and oleic acids, although this effect was more pronounced with EPAþDHA than ALA ( Figure 1D ) (Supplementary material, Table S1 ).
Left ventricular mass, remodelling, and contractile function
Body mass was not different between groups before surgery or at the end of the study in both AAB and sham rats ( Table S2 ). Neither v-3 PUFA supplementation nor AAB affected tail artery systolic blood pressure measured at 5 weeks ( Table 1 ) (Supplementary material, Table S3 ). AAB caused a 37% increase in LV mass normalized to tibia length on the standard chow diet. LV mass was not significantly different between standard chow AAB rats and those treated with either EPAþDHA or ALA ( Table 1) . There were no differences between groups in tibia length or right ventricular mass ( Table 1 ) (Supplementary material, Table S2 ).
Treatment of sham animals with EPAþDHA did not affect echocardiographic parameters. However, ALA decreased LV ejection fraction and velocity of circumferential shortening in sham animals at the high dose, but had no effects at the two lower doses or on any other parameters at the high dose (Supplementary material, Table S3 ). With the standard chow diet, there was significant LV remodelling and systolic dysfunction with AAB compared with sham, as seen in the increase in end-diastolic and -systolic volumes and reduction in the velocity of circumferential shortening and ejection fraction ( Figure 2A and B and Table 1 ) (Supplementary material, Table S3 ). These detrimental effects were attenuated by EPAþDHA supplementation in a dose-dependent fashion, but were unaffected by ALA supplementation, except for the attenuation of the increase in the endsystolic volume and reduction in the velocity of circumferential shortening with 2.3% ALA diet.
mRNA expression
An up-regulation in the mRNA expression for ANP and MHC-b and a decrease in MHC-a are established molecular markers v-3 PUFA and cardiac remodelling of the heart failure and LV hypertrophy. 20, 21 In sham animals, treatment with 2.3 and 7% EPAþDHA and 2.3 and 6.6% ALA significantly decreased MHC-b mRNA compared with standard chow (Supplementary material, Table S4 ). In addition, 2.3% ALA also decreased MHC-a. AAB caused a switch in the mRNA for MHC from the a-to b-isoform with the standard chow diet, as seen in the increased ratio of MHC-b to MHC-a ( Figure 2C ). The effect was attenuated by the EPAþDHA diets, with the significant decrease with 2.3 and 7% EPAþDHA diets. The mRNA for ANP was increased three-fold by AAB on the standard food. Although there was a strong trend for a decrease in ANP with treatment with EPAþDHA, the difference was not statistically significant (Supplementary material, Table S4 ). The ALA diets did not prevent the increase in mRNA expression for ANP or the ratio of MHC-b to MHC-a (Supplementary material, Table  S4 and Figure 2C ).
Histology
Cardiomyocyte cross-sectional area was increased in the AAB compared with sham animals fed with the standard chow ( Table 2 ). The effect was not altered by v-3 PUFA diets, except for a significantly greater cardiomyocyte crosssectional area with 7% EPAþDHA diet. There were no differences in capillary density, except for a decrease with 7% EPAþDHA diet compared with standard chow in AAB animals. There was an insignificant trend for greater cardiomyocyte apoptosis with AAB on the standard chow (25%) and a significant decrease in apoptosis with 7% EPAþDHA and 6.6% ALA diets with AAB ( Table 2 ).
Adipokines and fat mass
Plasma adiponectin concentration was not affected by AAB in animals fed the standard chow, but was elevated by EPAþDHA supplementation in a dose-dependent manner in both sham and ABB groups ( Figure 3A ) (Supplementary material, Table S5 ). In contrast, the ALA diets had no effect on plasma adiponectin concentration, regardless of surgical treatment ( Figure 3A ) (Supplementary material, Table S5 ). In the AAB animals, the LV end-systolic volumes were negatively correlated with plasma concentration of adiponectin (r ¼ 20.781; P , 0.001) ( Figure 3C) , and a strong relationship was found between LV end-diastolic volume and adiponectin (r ¼ 20.706; P , 0.001) ( Figure 3B ). Serum leptin was significantly decreased in the AAB group compared with the sham group on the standard chow diet, but was unaffected by either EPAþDHA or ALA diets (Supplementary material, Table S5 ). Retroperitoneal adipose mass was reduced by 40% in the AAB group compared with the sham group on the standard chow, but epididymal and mesenteric adipose masses were unchanged. The v-3 PUFA diets did not affect adipose tissue mass, except for a decrease in the retroperitoneal adipose with 7% EPAþDHA compared with 2.3% EPAþDHA diet (Supplementary material, Table S2 ).
Akt and AMPK
The mechanisms for the beneficial effects of adiponectin on cardiac structure and function have been linked to the activation of AMPK 11 and to the inhibition of the pro-growth serine-threonine kinase Akt. 22 However, neither EPAþDHA or ALA affected the ratio of phospho-AMPK to total AMPK, or the ratio of phospho-Akt to total Akt in either sham of AAB groups, as assessed by western blot (Supplementary material, Table S6 ). The total amounts of AMPK or Akt were also unaffected.
Metabolic parameters
With the standard chow, there was no difference in circulating levels of free fatty acids and triglycerides in the AAB group compared with the sham group (Figure 4) . The v-3 PUFA and cardiac remodelling EPAþDHA diets significantly decreased the serum free fatty acid level, and there was a trend for a decrease in plasma triglyceride concentration, with a significant decrease in the 7% EPAþDHA diet with AAB ( Figure 4) . Similar results were observed with sham animals, except that triglyceride levels were decreased at all doses of EPAþDHA (Supplementary material, Table S5 ). Treatment with ALA had no effect on free fatty acids or triglycerides in either sham or AAB group. Plasma glucose concentration was unaffected by AAB or dietary modifications. A similar lack of effect was observed on plasma insulin concentration, except for a significant decrease in the 7% EPAþDHA diet (Supplementary material, Table S5 ). AAB with the standard diet decreased the cardiac content of triglycerides, which was unaffected by v-3 PUFA, except for an increase with the 7% EPAþDHA diet (Supplementary material, Table S5 ). v-3 PUFAs are ligands of PPAR-a, 23 which stimulate the expression of gene-encoding proteins involved in cardiac fatty acid metabolism in mitochondria. 24 Cardiac hypertrophy and failure decrease the fatty acid oxidation pathway and impair mitochondrial function, 24 thus supplementation with v-3 PUFA could preserve the expression and activity of mitochondrial enzymes and thus prevent the deterioration in myocardial energy metabolism that occurs with heart failure. 8, 24 The cardiac mRNA expression and the activity for the mitochondrial fatty acid oxidation enzyme MCAD were reduced by 20% (P , 0.05 for MCAD activity) in AAB compared with sham rats fed with the standard chow. There was a non-significant trend for the EPAþDHA diets to restore the mRNA expression of MCAD, which was not mirrored by changes in the enzyme activity ( Figure 5) . AAB with the standard chow diet also decreased the activities of citrate synthase, aconitase, and isocitrate dehydrogenase (Supplementary material, Table S7 ). There were no differences between standard chow and EPAþDHA or ALA supplementation in the activities of citrate synthase, aconitase, and isocitrate dehydrogenase.
Tumour necrosis factor-a and eicosanoids
Serum TNF-a concentration was significantly elevated in the standard chow diet in AAB animals compared with sham animals, which was blunted by EPAþDHA supplementation, but not by ALA ( Figure 6A) . Similarly, in sham animals, EPAþDHA decreases TNF-a concentration to undetectable levels, but ALA had no effect. With the standard chow, AAB elevated urinary thromboxane B 2 and 6-keto prostaglandin F 1 , the stable breakdown products of thromboxane A 2 and prostacyclin, respectively ( Figure 6B and C) . The EPAþDHA diet significantly decreased urinary thromboxane B 2 compared with the standard diet AAB animals. The 6-keto prostaglandin F 1 levels were decreased in the 0.7 and 2.3% EPAþDHA groups, but not in the 7% EPAþDHA group (Figure 6 ). The EPAþDHA diets more effectively decreased urine levels of thromboxane B 2 than 6-keto prostaglandin F 1 , as seen in the greater ratio of 6-keto prostaglandin F 1 to thromboxane B 2 (Supplementary material, Table S8 ). There were no effects of ALA diet on urine levels of thromboxane B 2 and 6-keto prostaglandin F 1 ( Figure 6B and C) (Supplementary material, Table S8 ).
Discussion
The novel findings of the present investigation are that dietary supplementation with EPAþDHA (i) causes a dosedependent increase in plasma adiponectin and prevention of LV chamber enlargement; (ii) prevents the switch in MHC isoform from MHC-a to MHC-b; and (iii) prevents the increase in urinary thromboxane B 2 and sharply decreases serum TNF-a. In contrast, ALA supplementation had minimal anti-inflammatory and cardioprotective effects, despite robust incorporation into cardiac membrane phospholipids. Taken together, these findings provide the first clear evidence that dietary supplementation with v3 PUFA derived from fish, but not from vegetable sources, can prevent cardiac remodelling and dysfunction under pressure overload conditions.
The changes in myocardial phospholipid fatty acid composition observed here, although quantitatively different from what is seen in humans, were nevertheless qualitatively similar. For example, giving 2.9% energy as EPAþDHA for 1 month to patients awaiting cardiac surgery raised the EPAþDHA content of right atrial appendage from 5.3 to 11.5% and lowered arachidonic acid from 21 to 16%. 25 In rats given EPAþDHA at 2.3% energy, cardiac tissue EPAþDHA levels increased from 12 to 27%, whereas arachidonic acid fell from 24 to 9%. Thus the doses of fish oil employed in the present study resulted in changes in cardiac phospholipid composition similar to those observed v-3 PUFA and cardiac remodelling in clinical studies. In addition, the changes in membrane phospholipid composition was similar between sham and AAB animals, as was the increase in adiponectin and the decrease in TNF-a, suggesting that these effects occur independent of pressure overload.
We observed a strong negative correlation between plasma adiponectin concentration with LV remodelling and contractile dysfunction, suggesting a causal role for EPAþDHA-induced elevation in adiponectin in the prevention of LV chamber enlargement. Previous studies showed that the elevation in plasma adiponectin with EPAþDHA is due to the activation of PPAR-g in adipose tissue and up-regulation of expression and secretion of adiponectin. 1, 9 Adiponectin-deficient mice have enhanced LV hypertrophy and dysfunction in response to pressure overload, which can be rescued by adenovirus-mediated delivery of adiponectin. 11 In the present study, EPAþDHA supplementation elevated plasma adiponectin in a dose-dependent manner. These protective effects of adiponectin have been attributed to the activation of AMPK 11 and the inhibition of Akt; 22 however, in the present study and our previously investigation, 1 v-3 PUFA supplementation did not affect the activation of AMPK or Akt, suggesting that any protective effect of adiponectin is mediated by other mechanisms.
It is well established that the inflammatory response contributes to the development of heart failure, 26, 27 and elevated adiponectin is associated with reduced inflammation, 10 which could prevent LV remodelling and pathology. Adiponectin inhibits TNF-a-induced inflammation in human aortic endothelial cells. 28 In the present study, pressure overload was associated with elevated serum TNF-a levels, and the attenuation of LV remodelling and cardiac dysfunction by EPAþDHA supplementation was accompanied by a decline in serum TNF-a concentration. This observation is consistent with previous studies in TNF-knockout mice that showed reduced inflammatory and fibrogenic responses, apoptosis, and cardiac remodelling in response to pressure overload. 29 The suppression of serum TNF-a and the prevention of LV structural and molecular remodelling in the present study suggest a causal role for the TNF-a lowering effects of EPAþDHA in the prevention of heart failure. Additional studies in adiponectin-knockout mice are required to determine whether EPAþDHA-induced up-regulation of adiponectin is an essential component of the suppression of serum TNF-a and/or the prevention of LV dysfunction.
We found that pressure overload elevated urinary levels of thromboxane B 2 and 6-keto prostaglandin F 1 , which could be linked to shear stress-induced production of thromboxane A 2 by platelets and prostacyclin by endothelial cells. In addition, cardiomyocytes can produce eicosanoids in response to inflammatory mediators such as TNF-a. 30 Fish oil supplementation has previously been show to decrease myocardial thromboxane and prostaglandins, 31 and we showed here that EPAþDHA supplementation decreases urinary levels of both thromboxane B 2 and 6-keto prostaglandin F 1 . In addition, this decrease corresponds with a parallel decline in the content of arachidonic acid in phospholipids, suggesting that decreased availability of the precursor could be responsible for this effect.
Supplementation with EPAþDHA could prevent LV remodelling and dysfunction through modification of mitochondrial membrane properties and ligand activation of PPARs and increased expression of key metabolic enzymes.
LV hypertrophy and chamber enlargement induced by pressure overload are associated with a decrease in the activity of mitochondrial enzymes involved in the fatty acid oxidation and energy transduction. 24 Both EPA and DHA are activators of PPAR-a in vitro; 23 however, we did not observe a significant increase in the mRNA or activity of the PPAR-a-regulated fatty acid oxidation enzyme MCAD. In addition, there were no effects on the activities of the mitochondrial enzymes citrate synthase, isocitrate dehydrogenase, or aconitase, suggesting that supplementation with EPAþDHA did not increase the capacity of mitochondrial carbon substrate oxidation and NADH generation. Alternatively, supplementation with EPAþDHA could exert a protective effect through improvement in mitochondrial function and the efficiency of ATP generation. Pepe and McLennan 32 showed that isolated perfused hearts from rats with fed fish oil had reduced myocardial oxygen consumption without a decrease in LV power generation, at low or high workload, and during ischaemia or reperfusion, resulting in greater LV mechanic efficiency. The mechanism for this effect is not clear, but could be due to improved mitochondrial coupling and/or a decrease in ATP hydrolysis by processes not directly related to force generation. Fish oil supplementation can alter the function of cardiac mitochondria by decreasing matrix Ca 2þ , 33 and increasing state III respiration with succinate as the substrate. 34 Additional studies are required to elucidate the diverse effects of EPA and DHA in the improved cardiac response to pressure overload. Specifically, proteomic analysis of plasma, tissue, and isolated cardiac mitochondria may prove fruitful in identifying novel effects of v-3 PUFA, as recently suggested by the proteomic analysis of serum lipoproteins in healthy volunteers treated with fish oil. 35 
Conclusions and clinical implications
Patients with hypertension are at risk for developing heart failure 36 and thus are treated with drugs that lower afterload and suppress the neurohormonal over-activation that drives the progression to failure. Nevertheless, many optimally treated patients develop heart failure, thus new cardioprotective therapies are required that act independent of mechanisms addressed by currently used drugs. Antiinflammatory agents, such as pentoxifylline, 37 TNF-a antibodies, 38 or adiponectin mimetic agents, 39 or drugs that modify myocardial energy metabolism, such as perhexiline, 40, 41 are promising therapeutic approaches for the prevention and treatment of heart failure. The results of the present study show that dietary supplementation with EPAþDHA, but not ALA, exerts similar effects, as seen in the prevention of LV remodelling and dysfunction, associated with elevated plasma adiponectin and reduced inflammation, as evidenced by decreases in urinary thromboxane B 2 metabolites and serum TNF-a. Thus dietary supplementation with EPAþDHA acts on established therapeutic targets that are not addressed with currently approved medications and may be effective adjunctive therapy for the prevention and treatment of heart failure.
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